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ABSTRACT

BRENT E. LARSON. Torsional Elastic Property Measurements
of Selected Orthodontic Archwires. (under the direction of
ROBERT P. KUSY)

— A method for guantifying the torsional elastic
properties of orthodogtic archwires was investigated.

Three wire sizes (.018%) .017%.025®, and .019%x.025%) were
tested for three different alloys: stainless steel {S.S.],
beta titanium [B-Ti], and nickel-titanium [Ni-Ti]. The
shear modulus (G) was determined dynamically using a
torsion pendulum. The torsional yield strength (r§;3 was
determined using a static torsion test that generated
torque (T) versus angular deflectiohvraa tracings. The
three basic forsional elastic properties (strength,
stiffness, and range) were calculated for each of the wires
from G, Tys, and precise dimensional data.

The Ni-Ti wire had the greatest range and the least
stiffness. S.S. archwire showed the greatest stiffness and
the least range. The properties of B-Ti fell midway
between S.S. and Ni-Ti. The rectangular Ni-Ti wire
exhibited some apparent pseudoelastic behavior which

resulted in low Tyg results and a wide range of G.
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INTRODUCTION

Until recent times, stainless steel (S.S.) has been
the material of choice for orthodontic archwires since
replacing gold in the middle of the century. If the
orthodontist wished to have lighter forces over a greater
range, he had two choices. First, he could use a smaller
cross-section wire. Because the modulus of elasticity of
S.S. was s0 high, the wire had to be small enough to have
the appropriate stiffness and range. By that point, the
strength wasn't sufficient to stand the forces of
mastication and the bracket engagement was not good, a fact
that ultimately led to the smaller edgewise bracket slot
and the development of multi-stranded stainless steel
archwires. The other way to adapt stainless steel for less
stiffness and greater range was to fabricate an appropriate
loop in the wire. Because stiffness is inversely related
to the cube of the length, this was quite functional for
first ard second order activations where even a small loop
would add significant flexibility. Modern edgewise
orthodontic appliances utilize torsional energy stored in
square or rectangular archwires to perform third order
(torgquing) tooth movements. It is at best difficult to
design a loop for third order flexibility, and less

advantageous since stiffness is simply proportional to the

. L LT 7 TR WO T T ALY 8 4 28y WIS COOONOGNO0 et
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! 3
inverse of the length. The orthodontist was forced to make
torque adjustments in small increments with a large,
torsionally stiff, stainless steel wire.

The concept of variable modulus orthodontics was

’-
yiet
o originally described by Burstonel ywhen archwires made of
'£4 titanium alloys and multi-stranded stainless steel became
" available. Although the original description focused on
‘{3 first and second order wire activation, variable modulus
e
53 orthodontics is particularly well suited to third order
< activation because applied moments may be varied while
"I
:j maintaining an archwire size which is sufficient for full
“» ¢ .
b bracket engagement. The utilization of alloys with
- differing elastic properties necessitates quantification of
!5 those properties in order to properly select an archwire
T
~ for a given situation. Recent research into the elastic
s properties of orthodontic archwires has focused on testing
v
ﬁ' in tension and bending. Few references addressing the
f: torsional properties of orthodontic wires appear in the
! literature, and none describe the basic mechanical
:3: properties of shear modulus (G) and torsional yield
5 strength (T&s) for contemporary alloys.
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' NOTATION
‘%ﬁ The following symbols will be used throughout the
._~.\:
-;?- text, tables and figures:
»)
AT
Lon A - The first constant in the geometric regression
ajg equation.
x?{ b - Smallest cross-sectional dimension of a
rectangular wire.
o
o B - The second constant in the geometric regression
- eguation.
B 'j.{.i
ZLE d - Diameter of a round wire.
@ !
o E - Modulus of elasticity, Young's mcdulus.
o
:ij EPR - Elastic property ratio.
-
SNC G -’ Shear modulus, modulus of rigidity.

P

N2 h - Largest cross-sectional dimension of a rectangular
A wire.

j:" .-',

j%? I - Mass moment of inertia of a wire about its neutral

axis.

A%

;?ﬁ' Imass - Polar mass moment of inertia.
w9

P

b J - Polar area moment of inertia.
L \-.

e JEL - Johnson Elastic Limit.

v

ooy k, - Shape factor for equation 5.
o,

o L - Test length, distance between the clamps.
-l'.,.-:,

i AL - Length correction.

‘ﬁé. Ni-Ti - Nickel-titanium alloys.

N

o P - Period of oscillation.

':":\'

i r - Coefficient of correlation.
: S.s. - Stainless steel alloys.

J‘:; ': T - Torque.
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ég TMax - Maximum torque.
‘f v - Poisson's ratio.
s B-T1 - Beta titanium alloys.
{
O Oys - Tensile yield strength.
¥ Tys - Torsional yield strength.
b
Ky TMax -~ Maximum shear stress.
o - Angular deflection.
|0 n
52 ) - Shape factor for equation 3.
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:_ LITERATURE REVIEW

\."

> PHYSICAL PROPERTIES IN BENDING AND TENSION

. The physical properties of elastic modulus (E) and
o Pp'
:Q vyield strength (0yg) are needed to describe elastic
AN

N properties for bending. These properties have been
,' determined both in tension and in a variety of bending
k;: modes. Theoretically, the values of E and Oyg should be
.

- the same in tension and bending.
E\ Practically, there has not been agreement in the
e
K
;* literature on the modulus of S.S. Although studies by Kusy
"] )
e et al2,3,4 gypported the accepted engineering values of 28-
& 29 Msi, Asgharnia and Brantley,5 Yoshikawa et al,® Goldberg
¥

o et al,7 and Drake et al® reported values of at least 20%

#,

W
Y less. Those that reported the lower values attributed this
ﬁ: difference to the severe cold drawing of the orthodontic

4
;; wire and assumed the lower values were correct. However,
g' they were unable to demonstrate any preferred crystal

T orientation by x-ray experiments.7 Until there is some
V&3

:; definite evidence to the contrary, it must be assumed that
3; the correct values are those approximating the engineering
31 values, and that the consistently low values are due to
3§ L]
ﬁi some systematic experimental error.

A

W Yield strength values for S.S. are more difficult to
®

B

"k ey
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3
& ?
4 compare because of their susceptibility to cold-working and
?E heat treatments. Most values are reported in the range

K 100-280 ksi.2.4.5

i

Q Modulus and yield strength values for beta-titanium

LJ (8~Ti) have been reported in two recent studies. Asgharnia
W) and Brantley5 reported modulus values from 11.5 to 13.8 Msi
] determined in cantilever bending and 0&8 values of 140-190
L ksi in tension. Kusy and stush® found that E equalled 10.5
o

3* Msi in 3- and 4- point bending, and that Oyg equalled 76-98
t, ksi in tension.

;P The physical properties, E and Ogys, Were also

S described for nickel-titanium (Ni-Ti) in the above two
{ .
B studies. Kusy and Stush found the modulus was 6.44 Msi for F
'i: round but only 4.85 Msi for square and rectangular wires.
.[-.

' They also reported that the 0.1% yield strength decreased
a; as a function of increasing cross-sectional area, ranging
\' from 45-122 ksi. Asgharnia and Brantley reported values of
[ E from 5.5-7.6 Msi and Oys values from 57-100 ksi.

3

13 ELASTIC PROPERTY COMPARISONS

i

"
o 1 Burstone developed the concept of wire stiffness
:ﬁ numbers (Ws) to allow comparison of orthodontic wires. The
.:: concept of Wg is based on the engineering relationship,

N.'
2
fﬁ Stiffness = Elastic Modulus(E) x Moment of Inertia(I).
v
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A
. He attempted to simplify this for the clinician by defining
" 0
ﬁ*: the material stiffness (Mg) as 1.0 for stainless steel and
(s
A%fr related all others to that normal value. He also defined
()
1? the cross-sectional stiffness (Cg) which normalized the
G
?J values of I to a baseline of 0.004" round wire. The
%E’ relationship that then resulted was,
7
o Wg = Mg X Cgq.
% e
ac' *.
il
: This allowed the practitioner to compare wire stiffness by
»:'»;'
2y knowing the material and cross-sectional configuration.
J.'»: 1
ﬁg; In order to consider the other two basic elastic
- properties of strength and range, along with stiffness,
Ty
,j% Kusy and Greenber91° used a system of elastic property
T30
Qf‘ ratios (EPR's). The EPR's are an extension of Thurow's
:) comparisons for cross-sectional configuration
.
A
;; differences,ll which allow for compositional differences as
L,
‘T
e well.
] TORSIONAL TESTING
~
KA Even though ADA specification No. 32 for Orthodontic
;i{ wiresl? makes no testing requirements for wires in torsion,
t
:ﬁt three approaches have been previously described to
‘o"‘n
AR determine the torsional response of orthodontic archwires:
;I} 1), in vitro dentition model; 2), theoretical calculation;
‘ .
.
:Q and 3), static torsional measurements.

CO,

IAnp-

iy OO ' OO0 ) 0
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An in vitro dentition model attempts to duplicate the
tooth to tooth relationships found in the mouth on a bench-
top model. This model can then be used to measure the
effects and side-effects of a particular appliance set-up.

Such a study by Steynl3 used a phantom head with an
acrylic maxilla in a study that measured the palatal root
torque applied to anterior teeth by edgewise, 0.021x 0.025"
stainless steel archwires. The forces exerted at the
alveolar crest and apex of the incisors (9 and 18 mm from
the bracket slot, respectively) were measured with strain
gauges. The expected linear relationship between the
torque magnitude and the activation angle was verified.

More recently, Wagner and Nikolail4 yged a dentition
model to study torsional stiffness in incisor segments
using a variety of archwire configurations, wire sizes, and
wire materials. Their model was constructed to a Bonwill-
Hawley arch form, and had rigid posterior segments together
with individual acrylic incisors. A force couple was
placed on the incisors by means of monofilament lines and
weight buckets. It served to revolve the incisors around
the archwire. The teeth were rotated on S.S. and chrome-
cobalt wires with maximum moments of 2800-4300 gm-mm
resulting in angular deflections of 20-45 degrees. None of

the archwires tested showed any measurable permanent set at

these levels of activation. They reported mean torsional

&
CL YA

stiffness in gm-mm per degree, and concluded that,

o5,

o




B

o

7 ' 10
;)‘ "torsional behavior is associated with the elastic shear
153 modulus,” but they made no attempt to quantify that value.
ﬁ?; Theoretical calculations of EPR's were completed by
;;i Kusy et all0.15 g6 g variety of wire sizes, shapes, and
2§§ types. Beginning with standard engineering equations that
;:} describe elastic behavior; strength, stiffness, and range
){ ratios were computed for bending and torsion based on wire
fé? dimensions and physical properties. Fifty-four elastic

{f; property ratio formulas resulted, and tables were presented
ﬁi that allowed comparison of two archwires if the cross-

é; sectional dimensions and physical properties were known.

!‘7 The shortcoming of this work was that the values of G and
’qﬁj Tys had to be estimated for most materials. Experimental
?’C verification of these values is needed before the elastic
E;' property ratios they calculated can be accepted as

Eg accurate.

5

y ) Historically, the static torsional test method has

W been accepted for the torsional testing of

S}: metals.16,17,18,19 rhe general procedure for such a test

b é is to clamp a test specimen at both ends in an apparatus
&”‘ that keeps the clamps and specimen coaxial during rotation. ;
7:ﬁ One clamp is then rotated while the other is fixed and a
%% record is made of the torque produced for various amounts
N of angular deflection. G and Tyg can be determined from

'Z;: this information.

2

The static torsion test has been used infreguently to

(™
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determine torsional elastic properties of orthodontic
wires. Andreasen and Morrow20 compared stainless steel to
Nitinol (nickel-titanium) using this method. They clamped
a specimen between a fixed jaw and a rotating jaw with a
gauge length of 1". The torsional moment was measured as a
function of the torque angle through 720 degrees (2
complete revolutions). The wire was then allowed to return
to a neutral position and the permanent set recorded. The
authors stated that, "The most important benefits from
Nitinol wires are realized when a rectangular wire is
inserted early in treatment.” They further stated that,
"...torquing can be accomplished earlier with a resilient
rectangular wire, such as Nitinol." Nitinol was found to
develop a lower torsional moment and exhibit less permanent
set than stainless steel under the same conditions.

Zimmerman2?! described a limited torsional comparison
of Nitinol and stainless steel archwires. He constructed a
custom test apparatus which consisted of a gear box and
chuck at one end, to deliver and measure the input
rotation, and a chuck mounted to a torgque gauge on the
other end. A 1" gauge length was used, and the gauge end
was free to move axially in order to compensate for length
changes during rotation and to avoid any axial strain. He
realized the need to correct for gauge deflection and
included that in his results. Nitinol samples were found

to be about 4.5 times less rigid and to have 2.5-3.0 times
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'aﬁ greater range than the stainless steel alternatives.

:5 Drake g;_g;s evaluated the torsional properties of a
:;: stainless steel, a nickel-titanium, and a titanium-

}ﬁ molybdenum (beta titanium) alloy. They used a gauge length
fE} of 10 mm in a commercially available instrument that

'5: measured torsional moment as a function of torsional angle.
oo The specimens were rotated at a rate of 2 revolutions per
fg minute up to 90 degrees. The stiffness was reported as a
{i spring rate, which was the slope of the strajight-line
o portion of the moment-deflection curve. Results showed

SL that nickel-titanium wires had a spring rate about one-

.:f fourth that of stainless steel and one-half that of
%qﬁ titanium-molybdenunm.
‘in Nederveen and Tilstra2?2 described a source of error
?ﬁ‘ which occurs when simple theory is applied to torsion

ii testing. Theoretically, the amount of twist for a given
Ea torque should be proportional to length. Practically, when
iﬁa rotating clamps are used for testing and the distance

:;: between the clamps is used as the specimen length, errors
:g result. This error may be the result of warping or

L deformation of the material enclosed by the clamp. An

i- experimental method for correction of these errors was

és introduced as a length correction (AL) which was added to
--: the inter-clamp distance when the shear modulus was
}iﬁ calculated. This correction becomes more important as the
ég specinmen length is reduced and AL becomes a greater

Y
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proportion of the gauge length.

DYNAMIC TORSION TESTING

‘ The shear modulus of materials can also be determined
d by using dynamic methods. Many types of dynamic tests have
. been described which measure the response of a material to
time dependent stresses: free vibration, forced vibration,

and pulse propagation. The simplest of these tests, the

- -

torsion pendulum, has often been used to describe the
torsional properties of materials. In this test, one end

of the specimen is rigidly fixed while the other end is

SESODS PN -

clamped to a freely movable moment of inertia member. When
‘ the inertia member (or pendulum) is twisted and released,

A the system will oscillate with a characteristic
periodicity. While the period of oscillation remains
constant, the amplitude will decrease with time.

d Nielsen2?3 has proposed such an apparatus to measure

}; the stiffness and damping characteristics of high polymers.
A design was described with the pendulum hanging freely
beneath the specimen. This put axial stress on the

specimen and tended to reduce the period of oscillation.

e A e

In order to calculate the period at zero tension, the tests

were run at a series of known tensions. When a plot of

AR AR

l/period2 versus tension was made, the results extrapolated

-

to zero tension.

- -
-

. Neilsen?4 also described a recording pendulum which
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o
) allowed for a continuous record of pendulum motion. This
[ﬁ* device was designed in an inverted configuration so that
o
:}Z the pendulum was suspended above the specimen with a fine
13 wire. This avoided putting tension on the specimen and
w5 )
iwﬁ allowed direct measurement of the period. He claimed the
L' :ﬁ‘

,\

#? torsion pendulum could be used over a wide range of shear
b

modulus values (from about 3x106 to over 1011 dynes/cm?),

W
;ia frequencies (0.05-5 cycles per second), and damping.

Xg
e“i Because of the low stresses induced during testing, the

: value of G was reported to be independent of the angle of

R
t}ﬁ twist. Neilsen also found that the largest errors in

S
E;: pendulum tests were made in measuring specimen dimensions.
( Heijboer25 has also used an inverted, or

ﬂ.\.

{b counterbalanced, torsion pendulum for testing polymers. He
.}a performed classic experiments in which substituent groups
;2 were systematically changed to understand the effects of
;531 structure on the dynamic mechanical properties of
A8
;j: macromolecules. He stated that, "the conventional torsion

Ly
. pendulum is unsurpassed in accuracy and reliability (and
b
2; that) the absolute modulus can be obtained with an accuracy
}.‘.('

s of at least 2%."

o One study in the dental literature used a torsion

Y
;53 pendulum to investigate the viscoelastic properties of

W,

)

o denture base acrylics.26 1n this experiment, an inverted
Ay pendulum was hung by a fine, fixed wire. The amplitude and

=
s Yy frequency of oscillation were monitored by a lamp |

‘olyd ,.: 3

j |
o |
b |
N
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reflecting off of a mirror which had been attached to the
3 inertia assembly. Their results were consistent with

gy modulus data obtained by a static method.
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L PURPOSE

The orthodontist requires information on the torsional
%‘ properties of various alloys in order to make informed
decisions for routine patient treatment. Consequently,
methods for determining G and Tyg were investigated, and

. the elastic properties of three alloys were described.
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o MATERIALS AND METHODS

4w

»)

e TEST SPECIMENS

™
o Three alloys were selected for this investigation

] (Table I): stainless steel (S.S.), beta titanium (B-Ti),
ay ¥

.ja and nickel-titanium (Ni-Ti). Each alloy was tested in
e
fjﬁ three cross-sectional configurations: .018" round,

,;? .017x.025", and .019x.025", All wires were obtained in
i:% straight lengths except the .018" Ni-Ti, which was
'"g available only in preformed arches. The round wires were
( . included not only because they may be torsionally activated
1

:1}: in some torquing auxiliaries, but primarily because they
'&"\

5;: provided a control to evaluate the empirical egquations used
;2} for rectangular cross-section samples.
¥
A

i
-é y CROSS~-SECTIONAL WIRE DIMENSIONS

“i. Actual wire cross-sectional dimensions were measured
-

:}ji to the nearest 0.00005" with a digital micrometer®*, Fpor
d;i round wires the diameter (d) was measured. The rectangular
kj; wires required two measurements to define the cross-

'22: section: base (b), and height (h). Figure 1 shows the
d.":-:
‘;*2 measurements made. Each wire specimen was measured at
o

.

- Sony n-Mate, M-2030, National Machine Systems,
N Inc., Tustin, CA.
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. three spots along the test span. The three values were
%

A then averaged and the mean was rounded to the nearest
e

S48

i 0.00005" .

[ ¢

)

P 3%

E
o
o - LOAD CELL CALIBRATION

EAN

- All tests used a 2,000 kg-~cm torsional load cell to
N
~i§ measure the torque applied to specimens. The small

Nl magnitude of the torques measured in this experiment
by ! necessitated amplifying the output 5 times beyond its usual
K

ﬁg most sensitive scale (5 kg-cm). The result was a full

In

- scale reading of 1 kg-cm. The load cell was electronically
L350

o calibrated before each testing session. 1In addition, the
K-

‘$§ following procedure was done prior to any testing to verify
N
;;‘ the accuracy and linearity at this amplification.

A device was fabricated that had a precise 10 cm.

N

:§§ moment arm when inserted into the load cell chuck.

'ﬁg Precision weights were then hung from the end of the arm
ﬁ? with the load cell mounted paral.el with the floor. The
Eﬁ moment applied was calculated by the equation,

t{; moment applied (kg-cm) =

s;ﬁg mass of weight (kg) x 10 cm. (1)
7

:kf Moments were applied from 0.1 - 1.0 kg-cm in increments of
Eég 0.1. The moments applied were checked against the load

o,

Y
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: . cell output to verify accuracy and linearity. To verify
j%ﬁ that load cell position did not effect this test, the load
C A0
?3 cell was mounted perpendicular to the floor (test position)
53( and the test repeated. Because of the 90 degree position
;9; change, this time the weights were hung by a monofilament
f} line over a low friction pulley.

o
:.- SHEAR MODULUS
;Eﬁ To measure the shear modulus an attempt was first made
’f{; with a static torsion apparatus. An Instron Universal
E: Testing Machine® was equipped with a 2,000 kg-cm load cell
:ES and torsion teéting fixture, Testing of the apparatus was
(:é done first with relatively large, 0.090", specimens of
;gg steel and aluminum. After correcting for clamping errors,
JEZ values of shear modulus (G) were obtained which were
;) comparable with the literature, but not without a great
?S% deal of variability. When the same procedure was used for
EE‘ orthodontic archwires specimens, there was once again a

> great deal of variability. The static torsion method for
.Eﬁ modulus determination was abandoned in favor of the torsion
33; pendulum (cf. Appendix A for further information on
"f preliminary static torsion tests).
S?; The torsion pendulum was selected for use in this
.¥?i study after verification of the method on samples of carbon
i#; steel, stainless steel, brass, and copper (cf. Appendix B

A
xsgi Instron Corporation, Canton, MA.
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for details). A torsion pendulum was designed and
constructed so that the polar mass moment of inertia
(Imags) could be easily and rapidly changed without
removing the specimen from the clamps by removing one nut,
"A" (Figure 2). This was done with a modular design that
separates the clamping component, "B", from the disk
component that provides the majority of the inertia,"C".
Interchangeable disks of brass and aluminum were madec to
allow values of I ..e ranging from 43 to 13,543 gm-c .2.

The actual clamping of the wire specimens was done wit h
small, four-jawed, pin vises®, "D".

The shear modulus (G) was determined dynamically using
this torsion pendulum mounted on an Instron Universal
Testing Machine®® with a 2,000 Kg-cm torsional load cell.
The load cell was used as the fixed end of the pendulum
apparatus and'provided a continuous output of the torsional
stresses on the specimen and therefore a measurement of the
amplitude and frequency of pendulum motion. The pendulum
was twisted and released, causing the system to freely
oscillate, and the sinusoidal load cell ocutput was
collected digitally. A Commodore 64 computer, interfaced
to the Instron machine through an analog to digital (A-D)
converter was used as a data buffer to collect and store

the raw data. The custom software for the Commodore

* The L. S. Starrett Co., Athol, MA.

v Instron Corporation, Canton, MA.
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allowed the selection of data sampling rate, as well as
input monitoring and diskette storage functions. The data
was collected at approximately 125 data points per second
to allow generation of smooth sinusoidal output curves.
After the testing was done, the digital data was
transferred to an IBM PC/XT for analysis. A basic software
program called <PENDULUM> allowed calculation of the period
of oscillation (P) and G by positioning cursors on the
screen and entering dimensional information when prompted.
The first five complete oscillations were used to determine
P. Figure 3 shows the computer screen for <PENDULUM> with
the cursors placed. 1In cases where five were not
available, the maximum number of complete oscillations
displayed was used.

The <PENDULUM> software incorporated the relationships

given by Nielsen23 to determine G:
for circular cross sections,

G(psi)= 3.550 x 1074 1 ... L ., (2)
a¥ p2

and for rectangular cross sections,

G(psi)= 5.588 x 10~4 %mass L. (3)
hb” n P

where I . og was in gm—cmz. L was the wire specimen length

(in.), n was a shape factor (Table II), and d, b, and h

were wire dimensions (in.). Wire specimen lengths of 2 in.
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. were measured to the nearest 0.001" with a dial caliper”®,

' These corresponded to the longest straight segment of the

preformed arches,

N Since egs. 2 and 3 assume a value of P with no tension

L I W 4

on the specimen, two different pendulum configurations were
b used to determine P at zero tension.

In the first method, three samples of each wire size

5 o

and configuration were tested on an inverted pendulum. The
pendulum was positioned above the specimen balanced so the

weight of the pendulum was opposed by a counterweight

PR P\ =LA

connected over a pair of pulleys (Figure 4). For each wire
type and size, five values of I .. g were selected that

allowed for P to be between 0.5 and 1.5 seconds. Table IIl

..‘.q. .

G: shows the inertias used for each wire size and type. Each
specimen was run five times using the five different values
of Inagg (Figure 5).
For the second method, a hanging pendulum was used to

determine G. The pendulum was suspended freely below the

specimen with a hook placed so that weights could be

)

suspended from the pendulum (Figure 6). The same three

“ wire samples for each size and type were used, and each was
tested at a series of five known tensions. <PENDULUM> was

used to determine P and a linear regression of 1/P2 versus

Al -"_ 15 |

tension was done for each sample (Figure 7). The y-

intercept gave the value of 1/P2 at zero tension, and eqs.

N * fThe L.S. Starrett Co., Athol, MA.
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PYNMME L

2 and 3 were used to calculate G.

:ﬁj TORSIONAL YIELD STRENGTH
A yield point was determined by using a static torsion

% test apparatus with the specimen clamped between the

A s

rotating fixture below, and the torsional load cell above

Lo

(Figure 8). A torque (T) vs. angular deflection (9)

Al

tracing was generated for each specimen during torsional

A

L
a an

loading and unloading on the Instron machine. A series of

-
L4
a

fifteen specimens was tested for each wire type and size

with gradually increasing maximum torque (Tyayx) values

I

covering both the elastic and plastic areas of behavior.

n'\‘,'.'.':
» sy

Y

Again, the output was collected digitally on the Commodore

.ﬁ; computer, and transferred to the IBM PC/XT where it was

-@ displayed for analysis. A basic program called <TORSION>
;? was developed that allowed four cursors to be overlaid on
;E; the output screen (Figure 9). The first cursor marked the
‘¥ peak of the curve, thereby defining Ty,, for that specimen.
;: The second, third, and fourth cursors were placed at the

?: start rotation, reverse rotation, and return to baseline
;é% points, respectively. <TORSION> then used an algorithm to
. calculate the areas under the loading and unloading

;35 portions of the curve. The amounts of energy loss (loading
EE area - unloading area) were compared to the amounts of

:T; elastic energy recovered (unloading area) and the torque

ey

(T) that resulted in 5§, 10, and 20% energy loss was

R
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. determined. After the shape factors (k1)27 (Table II) and
'ﬁﬁ wire dimensions of 4, b, and h (in.) were determined
D n,

> (Figure 1), the maximum shear stresses ('rMax)‘ were
00
) calculated from the T values via the formulas:27
M
oy
K
*f . for circular cross sections,
"“l.

2h, TMax (psi) = 16-T , (4)
5 s
n ey

4
R and for rectangular cross sections,
L
% TMax (PSi) = k (5)
A8 Max (PSi) = X% .

~._:: h,bs

e
‘ Tys was defined as the Ty,x for 5, 10, and 20% energy loss.
<

Sy

3
F.: ELASTIC PROPERTY RATIOS
.lh

< These Tys and G values were used to determine the

v
?;ﬁ torsional Elastic Property Ratios (EPR's) in accordance
P, o
H : with the relationships developed by Kusy and Greenberg.10
puln
e Torsional comparisons of rectangular wire x with
5;2 rectangular wire y were done using the following

\3:\

ﬁa relationships:

)
1~|
o
e
)
!':‘l
RO

7 * The maximum shear stress occurs at the outer fibers
- of a round wire and the fibers at the middle of the longest
o side of a rectangular wire.
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stiffness ratio,

G(bh)3 (b2+h2)
(b2+h2) G(bh)3 '
Y x

strength ratio,

2

(Tyshb?)

and range ratio,

p—

rys(b2+h2)-7

Gbh?2

. ]
Tys (b2+h?)

Gbh?

The EPR's were graphically displayed using a

nomogram format.28

4

LT Y

)

P~ Oy N O, "y U OHCH) .
,'3A A ,0“,%, ﬂ,&ﬂ!‘yl&.‘! .é‘»ﬁ : MIBR, . % ,".“*a‘!“i.‘\.l"-."r,"ﬁ.\‘l':‘l"‘““'o".‘!' MR

W

g
)




N
) CHAPTER 3
U




e

e

:.‘_: 28
Ry

o

.

:;i‘_f_ RESULTS

“";!

*
b WIRE DIMENSIONS

\:_\
;Ff The cross-sectional wire dimensions which were

' measured by the digital micrometer are given in Table IV.
l‘ )

2;1 All measurements except two were less than the nominal
N dimensions. The h dimension of the .019x.025" S.S.

O

@ averaged 0.02514", and the b dimension of the .019x.025"
AP Y
:f& B-Ti was 0.01916". All measurements were within 0.0005" of
1% YR

iﬁ? nominal size except the h dimension of .017x.025" B-TI

‘»
{ which was 0.00065" less than nominal.
e
1

fﬁ The variability of the round wires of all materials
iy

<

5?: was less than the rectangular wires. The standard

G
:) deviations for round wire ranged from 0.00004-0.00007",
4,

*ﬁ? while the rectangular wires varied from 0.00008-0.00018".
VA

".Q.‘-

: LOAD CELL CALIBRATION
1&; The load cell proved to provide accurate and linear
\,‘..
}jﬁ torque measurements from 0-1 kg-cm. The results were

e independent of load cell orientation.
o
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N SHEAR MODULUS

E;Z The G results for the inverted pendulum are given in
~%E Table V, column 2. The rectangular S.S. values were nearly
i? the same (9.81 and 9.82 Msi), but were less than the .018"
;al round (10.58 Msi). Among the B-Ti wire sizes, all shear
:gs moduli were in the range of 4.22-4.42 Msi. The Ni-Ti

J; rectangular wire G values (2.11 and 2,13 Msi) were less

o

Egi than the round wire values (2.96 Msi), a pattern similar to
‘aﬁ the S.S. The standard deviations for all inverted pendulum
'fg testing ranged from 0.02-0.15 Msi.
1&i The results from the hanging pendulum (Table V, column
,:ﬁ 3) showed the same pattern as the inverted configuration.
S{* S.S. and Ni-Ti alloys had round wire values greater than
fzé rectangular wire values. The B8-Ti results all fell within
j?ﬁ a limited range. The variability was also similar to the
?g{ inverted results with standard deviations ranging from

" 0.01-0.08 Msi.
ffﬁ Figure 10 shows a comparison of the inverted pendulum
.iéz and hanging pendulum results. The two tests gave similar
7%; results, so the results were averaged and the mean values
;ié given in Table V, column 4.
?;& The values listed in Table V, column 2, are arithmetic
.Ea means of the inverted pendulum results. The inverted
i?* pendulum results were also analyzed by a least squares

;é regression method by plotting 1/pP2 against k/Ip gg., Where k
3&; represents the geometric variables of wire cross-section
)
o

e
o I A S O L RO B T i RN )




Y

~3

e

1 30
s
- and length (Figure 11). Plotting values in this way makes
“5 the slope of the regression line equal to G. The

A%

S difference in G between round and rectangular wires for

g

: S.S. and Ni-Ti, noted above, again became apparent.

?kf Therefore, round and rectangular wires were analyzed

1-',‘

)2 independently for these two materials. The coefficients of
.{f

correlation (r) for these regression lines were all greater

\)

i;’ than 0.999. The results of this least squares regression

)

)

:_, method (cf. Figure 11) were similar, but not identical, to
b, Y

' the arithmetic mean method.

oy

5; TORSIONAL YIELD STRENGTH

[}

o ¥,
’! A log-log plot of energy loss and .elastic energy

recovered against the maximum shear stress ( Ty,y) yielded
two relatively straight lines (Figure 12). As a result,
all torsional yield strength results were subject to
geometric regression analysis and equations derived in the

form:

8 )y EN A N
. '}" 1":')" b ‘\‘:\- ':"1 LR

e

¢

>
|
"
" A

Energy(loss or recovered) = A . Tyax®.

T LY RN
,','.. ..

j;' where A and B are constants. The r's for the energy loss
o,

:E regressions were all greater than 0.92 and most greater

Ca
LY

oA than 0.95. All elastic energy regressions had r's greater
>

s than or equal to 0.99. The result was an energy loss

¥

%; equation and an elastic energy recovered equation for each
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wire size and type. Figures 13-15 show these functions
graphically for S.S., B-Ti, and Ni-Ti, respectively. Thé

two equations,

Energy recovered = Al - Ty, Bl,

and

Energy loss = A2 - Tuaszr

can then be solved simultaneously and arranged to define

the Tpmax at which a certain percent energy loss occurs.

100 + A2 A B |

TMax = -
Percent -+« Al Bl - B2

Table VI, columns 2~-4, give torsional yield strength
results for 5, 10, and 20% energy loss, and Figures 16-18
show these values graphically for the three alloys. The
round wire values for S.S. and 8-Ti are less than

rectangular values for the same materials. Rectangular Ni-

Ti values are much less than round wire values.
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'." WIRE DIMENSIONS

:;g Only the .019x.025" B-Ti was larger than nominal size
:;$ in the b dimension, or that dimension normally restricted
N by bracket slot size. Even in this case, it would not

éﬁ result in a wire insertion problem because bracket slot

ﬁii sizes of .019" are not used. It would, however, affect the
:‘2 amount of activation needed to engage the orthodontic

:iﬁ bracket for torsional tooth movement.

;SE; The dimensions for T.M.A. in this study compare

f:\ favorably with those reported by Kusy and Stush® (cf. Table
}f;i - IV, in parentheses). The .017x.025" results were nearly
iz identical with standard deviations slightly higher for this
;3~ study. The .619x.025" measurements are slightly greater in
SE% the b dimension and slightly less in the h dimension, but
.:ﬁ it is interesting that the cross-sectional areas (b x h)
Wﬂfl are nearly the same. The wire specimens used in this study
:‘_ﬁ% were probably formed from the same sized round wire stock,
;g? but not rolled quite'és flat during the forming process.

.,;' The .018" T.M.A. wires measured 2% larger in this study

'Eﬁf than the measurements reported by Kusy and Stush.

b

fgii The dimensions reported for Nitinol by Kusy and Stush

were up to 3% smaller than those reported in this study.

The variability reported was similar, however.
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The small differences from those previously reported

may be due to either actual sample differences or technique
differences. The fact that there wasn't a consistent,
systematic difference in the measurements may discount a
technique difference. On the other hand, because the
micrometer "saw” a larger portion of the wire, it may have
been more susceptible to surface irregularities or to

imperceptible bends or twists in the wire.

SHEAR MODULUS

Once the necessary apparatus was assembled, the
torsion pendulum provided an efficient, reproducible method
for measuring the shear modulus of orthodontic archwires.
Since the two configurations of the pendulum produced
comparable results, future studies could select either
method for more comprehensive testing. Due to the minimal
effect of tension in the hanging configuration, the use of
a lightweight hanging pendulum would probably give adequate
results without extrapolation. Figure 7 shows a typical
regression plot (.017x.025" S.S.) where an error in G of
<0.1% occurs for every 100 grams of pendulum weight. Even
the steepest regression slopes, which were for nickel-
titanium wires, resulted in errors of <0.4% in G for each
100 grams of pendulum weight.

The values of G for S.S. wires were 5-10% below the

standard literature value of 11.2 Msi.29,30 gpe
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explanation of this difference would be a clamping error as
described by Nederveen and Tilstra.22 To explore this
possibility, a 6" length of each wire type and size (except
the .018" Ni-Ti wire, which was limited to a 2" length) was
tested at 9 different clamping lengths (1-5", in 0.5"
increments). These tests were done with a lightweight
pendulum in the hanging configuration as described earlier.
The value of P2 was plotted as a function of length
(analogous to Figure 2 of ref. 19), and a linear regression

line calculated (Figure 19). The point at which this line

intercepted the abscissa was defined as the negative of the
length correction (AL) needed to pass the regression line
through the origin. AL was then expressed as a percentage
of the 2" specimen length (cf. Table V, column 6) and a
percent change in the modulus determined (cf. Table V,
column 7). As will be seen shortly, not onlyidoes this
methodology give values which closely approximate
literature values, but the correction also removes the
apparent difference in modulus between round and
rectangular S.S. wires. This procedure of length
correction for clamping error deserves consideration for
future investigations whether done by either dynamic or
static apparatus.

Table VII compares shear modulus results (experimental
and corrected) to literature values for similar, non-

orthodontic alloys?29,30,31,32,33,34 an9 to theoretical
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values. The theoretical relationship G=E/[2(1+v)], in
which E= Young's modulus and v= Poisson's ratio, assumes an
isotropic material.3% values for E were taken from recent
studies on orthodontic wires tested in bending4'5'9 and
values of v taken from engineering references and
articles.29,30,31,32,34 orhe ljterature values for non-
orthodontic alloys (column 4) generally agreed with the
theoretical calculations (column 7) except for Ni-~-Ti where
the literature values were slightly higher than theoretical
values. After correction, all G values closely
approximated the theoretical values, and all but the
rectangular Ni-Ti fell within the range of non-orthodontic
literature values (cf. columns 3, 7, and 4). As stated
earlier, these rectangular wires were obtained in straight
lengths, while the Ni-Ti round wire samples were available
only as preformed arches. Although only the straight part
of the preformed arch was utilized for testing, the heat
treatment used to set the arch form likely altered the
microstructure of the entire wire. PFurther evidence of
this difference was exhibited by the pseudoelastic
appearance of the rectangular Ni-Ti wires in the yield
tests which was not evident in the preformed, round wires
(Figure 20). For this reason, values of G obtained for the
preformed Ni-Ti1 (here, the .018" wire) should be used to
calculate the EPR's of rectangular Ni-Ti, since they best

represent the clinically used alloy.
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.gg‘ TORSIONAL YIELD STRENGTH

:;% The yield determination raised the recurring problem
(3} of defining a clinically significant yield criteria. The
'éﬁt 10% energy loss criteria was selected for use in

EE calculating EPR's because it was a minimal, yet detectable,
e amount of energy loss. To put it in perspective, when some
;;ﬁ previous S$.S. tension data were analyzed by energy loss, an
§§§ 0.1% offset roughly corresponded to a 20% energy loss as
X described in this study. The 10% loss point is thought to
Fii closely define the end of the elastic region with little
'és. permanent deformation occurring.

{* The pseudoelastic behavior noted in the rectangular
:;V Ni-Ti wires proved to be another troublesome problem in

-:}'}; .

-
-
-

defining a yield point. Because of the energy lost to

B
:) phase transformation in the elastic range (Figure 20, top),
o,
H;E application of the energy loss criteria provides very low
e
:J? values of Tyg (13-17 ksi for 10% loss, cf. Table VI, column
7, ,Iv.‘
s 3) which would be inappropriate for calculating EPR's. 1In
d I'd
2 \."
333- an attempt to get realistic T&s values to compare the

N
-33 rectangular Ni-Ti to the other wires, an alternative
-34S

_— approach was tried. The Johnson Elastic Limit (JEL)
ﬁ%i defines the yield strength as a 50% change in slope (i.e.,
rkﬁ‘ "A" versus "B" in Figure 20).36 Three samples of each wire
Je size and type were run in the static torsion apparatus with
Eo

%ﬁ a gauge length of 1" (Figure 8). The paper chart
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recordings of the torque vs. angular deflection were
collected, and the yield strength via the JEL was defined.
For the rectangular Ni-Ti, only the slope change beyond the
pseudoelastic region was considered. The JEL values were
consistently higher than the 10% energy loss values because
a higher degree of permanent deformation was acceptable
(cf. Figure 20 and Table VI, columns 3 and 7). The
relationship of the rectangular Ni-Ti values to the others
were more sensible now, however; as in the other two alloys
the rectangular values were greater than the round wire
values. In calculating the EPR's, the JEL yield strength
values should be considered, too.

Table VI also shows the experimental Tys values
compared to theoretical values of Tyg calculated from the
yield strength in tension (ays) according the
relationship,37 Tys’°'577°§s where values of Oys have been
taken from the orthodontic literature.2:3.21 None of the
experimental T&s values (columns 2-4) appear to be in
general agreement with the theoretical values (column 6).
This is due to the fact that the yield point has been
defined in many ways or that the torsional yield strength
is susceptible to change based on heat treatments or the
extent of cold working. Kusy and Stush® found that
titanium alloys don't follow the expected relationship
between yield strength in tension and ultimate tensile

strength. In spite of these difficulties, the Tys value
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: should affect the calculated EPR least because G is, among

the material parameters, the largest contributor to the

& EPR's

e'

‘ «

i

s ELASTIC PROPERTY RATIOS

N The rectangular wire EPR's shown in Table VIII were

calculated three ways using different values for G and Tys-

Vé A .017x.025" S.S. was used as a reference wire for all

T% calculations.

a The first values used experimental G results (Table V,
éE column 4) and 10% energy loss Tyg values (Table VI, column
Té 3). Tys values for the preformed .018" Ni-Ti were used for
{ the rectangular Ni-Ti calculations for reasons mentioned

Sé previously. From the first entries in Table VIII, one sees
;E that no wire has a strength less than an .017x.025" S.S.

; and that only.an .019%.025" S.S. has less range. The Ni-Ti
;E wires have ranges 5.19-5.33 times that of the reference

‘5 wire. These EPR's may be unrealistic because the G values
; are uncorrected and the Tyg values are estimated from the

: round wire for the Ni-Ti.

‘3 The second set of EPR's (Table VIII, numbers in

¥‘ parentheses) uses the length corrected G values and the JEL
g torsional yield strength values (cf. last columns of Tables
; V and VI, respectively). 1In this case, .018" values were
é‘ not used for rectangular Ni-Ti wires. These substitutions
:% result in little change in the EPR's for S$.S. and Ni-Ti.
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- There is a large change in the EPR's for B-Ti with

f?ﬁ strength, stiffness and range values all being less. The
ﬁ; largest differences are in the strength and range values;
ﬁf they are due to the use of JEL Tys values. As mentioned

i: previously, the JEL accepts a greater amount of plastic

:E deformation than the 10% energy loss criteria. Because the
! formability of 8-Ti is less than that of §.S., the slope of
:E the torque-angular deflection tracing changes more rapidly.
;z The JEL is based on this slope change and therefore the JEL
;; for 8-Ti1 is relatively less than that of S.S.. To

:5 reiterate, the difference in the torsional strength of S.S.
iE and B-Ti1 is largely due to behavior beyond the proportional
(; limit; thus, there is little difference in 10% non-elastic
:g values but, a distinct difference in JEL values. The

;i? rectangular Ni-Ti is not affected by this same phenomena. *
_ A relative increase in Tys using the JEL is seen in these
.% wires because it is able to disregard the pseudoelastic

% behavior.

;_ The third set of EPR's, for Ni-Ti only (Table VII,

é; numbers in brackets), uses the same approach as the second
_% set but substitutes G values obtained for .018" round wires
{t for the rectangular calculations. This is an attempt to
lg make the EPR's more clinically applicable. As mentioned
;% before, it is thought that the difference in G between
ﬁi round and rectangular Ni-Ti in this study is due to the

E heat process involved in setting the arch form. Because

7
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most clinicians obtain Ni-Ti wires in the preformed arches,
the higher G values for preformed arches were used.
Compared to either previous set of calculations, this
substitution results in a relative increase in stiffness
and a concomitant decrease in range.

Those EPR values thought to be most clinically
applicable (the last value listed for each wire size and
type in Table VIII) were illustrated in a nomogram in
Figure 21 along with a nomogram illustrating the
theoretical EPR's published by Kusy and Greenberg in
1981.10 The sS.S. lines are nearly identical in the two
nomograms which is to be expected because a S.S. wire is
used as the reference. Although the differences are small,
the nomogram from this study shows B8-Ti with greater
strength and stiffness but less range than the theoretical
nomogram., This is due to a combination of higher G values
and relatively higher strength values than theoretically
anticipated. The greatest discrepancies are noted when
comparing the Ni-Ti lines of the two nomograms. More
range, but less stiffness and strength were calculated
theoretically than were seen experimentally. Among the
fundamental material properties, the largest difference was
found in the experimental value of G which was 50% greater
than theoretically expected. The Tys values also
contributed to the difference because Ni-Ti was

theoretically to have only 80% the strength of S.S.
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although experimentally it proved to be about equal.

Overall, the ranking of the EPR's of these wires remained

constant, however.
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SUMMARY

The torsional elastic properties of stainless steel
(S.S.), beta titanium (B-Ti), and nickel-titanium (Ni-Ti)
archwires were determined. One round (.018") and two
rectangular (.017x.025" and .019x.025") wires sizes were
investigated for each alloy.

The shear modulus (G) was determined dynamically using
a torsion pendulum. Two configurations of the pendulum
were used and found to give nearly identical results. A
correction factor for clamping error was determined for
each wire size and type. G values for S.S. were found to
be 11.02-11.33 Msi, for B-Ti were 4.29-4.41 Msi, and for
Ni-Ti were 2.29-3.08 Msi. The large variation in Ni-Ti

values was accounted for by the heat treatment used to set

T

;25 the arch form in the round Ni-Ti wires tested.

u;_ The torsional yield strength (rys) was first described
5;? by using a 10X energy loss criteria. This method proved
v:ﬁ; useful for S.S., B-Ti, and preformed Ni-Ti wires, but was
}v“ not applicable for the rectangular Ni-Ti wires because of
,S;ﬁ their apparent pseudoelastic behavior. Using this method,
‘Eii all values were about 100 ksi except for .018" S.S. (51

iﬂ; ksi) and the rectangular Ni-Ti (13 and 17 ksi).

’ 2 Subsequently, the Tys wWas defined using the Johnson Elastic
e

.

v
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&
. Limit (JEL) which proved useful for those wires which

j; displayed pseudoelastic behavior. Using the JEL, Tys

A
‘3; values were generally higher because, by definition, a

',

*;_ greater amount of permanent deformation was accepted.

LA

fﬁ Elastic property ratios were calculated using the G
:; and Tys values deemed most clinically meaningful. These
R~

) were then displayed in a nomogram format and compared with
Hc
S0y previous theoretical work.
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gt CONCLUSIONS
- 74
-.:_\
YRR
B
:xs 1. The torsion pendulum proved an efficient, reproducible
. L;: K
P apparatus to measure the shear modulus of orthodontic
ﬁﬁ: archwires.
O
e 2. The ene:yy loss criteria for torsional yield strength
:%i determination proved useful for classically behaving
b :\~:.
'.‘ alloys; but an alternative, such as the Johnson Elastic

Limit, was required for specimens displaying apparent

pseudoelastic behavior.

-7 3. The testing methods provided sufficient information to
allow the calculation of elastic property ratios (EPR's)
Cj for predicting the torsional behavior of orthodontic

archwires.

i E 4. When the present experimental results were compared to
’ previous theoretical EPR calculations, certain differences
S were noted. These differences were greatest for the
nickel-titanium alloys and showed a relative decrease in

range, and an increase in stiffness and strength.

5. Further testing using these methods is indicated to

vyl
l'lA
-‘u'-"'

«

comprehensively describe archwire behavior in torsion.
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APPENDIX A

Preliminary shear modulus (G) testing was done with a
static torsion apparatus (Figure 8). Gauge lengths (L) of
1-4" were used. Chart tracings were made on the Instron
machine of torque (T) versus angular deflection (#). The
slope of the straight-line portion of these tracings (T/¢)

was used to determine G from the relationship:

or,

’

IT.L
J

where J = the polar area moment of inertia.

The following results were obtained.

Wire Type and Size _Experimental G (Msi)

S§.Ss. .016" 9.31-11.7
.020" 9.63-10.6
.017x.025" 8.37-10.2
.019x.025" 8.60-10.7
.021x.025" 8.18-10.2

B-Ti .018" 3.73-5.217
.019x.025" 3.52-4.21

Ni-Ti .017x.025" 1.56-2.21
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N
;ﬁ Preliminary testing of the torsion pendulum was done
?Q on round wire samples of carbon steel, stainless steel,
x“::-
jﬁ copper, and brass. The gauge lengths used were 3" and §".
WA
No correction was made for clamping errors. Testing was
%t: done in both the inverted and hanging configurations
o
\;3 (Figures 4 and 6, respectively).
’5. The following results were obtained.
)
E
ot
53 Wire Type Experimental G Literature G
and Size (Msi) (Msi)
{ E—
2 Carbon Steel 11.05-11.32 12.5
o
i .020"
~.
D Stainless Steel 10.67-11.00 11.2
:: ' .020"
Nv
o Copper 6.51-6.70 6.4
s
o .020"
83
A
Y Brass 5,23-5.35 5.6
o .025"
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Table I

ALLOYS TESTED

.

”

Alloy Code Product

1

-

Y

Stainless Steel S.S. StandardT™ a

lll""

PSP

a_ A,

o
.
]
v

"
»

Beta Titanium B-Ti T.M.A.TM D

" .'5

o Tp A

A e A A &

Nickel-Titanium Ni-Ti Nitinol™ a

-
«
s

N Y 'i \'&‘ o » 43,':

& ynitek Corporation, Monrovia, CA.
b Ormco Corporation, Glendora, CA.
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Table II
SHAPE FACTORS FOR EQUATIONS (3) and (5)
Ratio Shape Factor ; Ratio Shape Factor
h/b 8 ky ! h/b & n
i
1.0 4.81 i 1.00 2.249
1.5 4.33 : 1.20 2.658
2.0 4.07 : 1.40 2.990
3.0 3.75 : 1.60 3.250
4.0 3.55 : 1.80 3.479
6.0 3.34 E 2.00 3.659

8 Ratio of height to base for rectangular
wires (cf. Figure 1).
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‘e Table 111
r )
.(-:.‘ Pendulums Used for Shear Modulus Testing
ot
,:ij
? Wire Type Pendulum polar mass moment of Inertia (I ,cc)
V) and
84y Size (in.) T w2309 600 e
::'_ (gm-cn®)
-
o §.S.
o
.018 12 1 ] 1 I
s Kb
o
oo .017x.025 1 1 1 I 1
::x:' H
e
® .019x.025 I 1 1 1 1
o H
)
b B-T4
S
e 018 1 I 1 1 1
( H
N
2 ,.::-. .017x.025 1 I I 1 1
2
[\ .019x.025 1 1 1 I I
- N{-TH
&y 018 1 I 1 1 1
P »:'.,,‘ H
.017x.025 1 1 1 1 1
3y H
g
> .019x.025 1 1 1 I 1
.'.;-_; L
Foe
o
o
.ti' ® Penduluns used in the inverted configuration denoted with
) an .
b Pendulums used in the hanging configuration denoted
with an H.
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Table IV

MEASURED WIRE DIMENSIONS
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Wire Alloy

angd d b
Nominal (in.) (in.)
Size (in.)

(in.)

Stainless Stee)

.018 0.01786 +0.000043
.017x.025 0.01687 +0.00008
.019x.025 0.01894 +0.00008

Beta Titanium

.018 0.01756 +0.00004
(0.01722 +0.00010)°

.017x.025 0.01689 +0.00013

(0.01681 +0.00009)

.019x.025 0.01916 +0.00014

(0.01887 +0.00009)

Nickel-Titanium

018 0.01776 +0.00007
(0.01749 +0.00016)

.017x.025 0.01690 #0.00009

(0.01643 +0.0000¢)

.018x.025 0.01891 +0.00013

(0.01837 +0.00007)

0.02493 +0.00010

0.02514 +0.00012

0.02435 +0.00014
(0.02434 +0.00008)

0.02450 +0.00018
(0.02475 +0.00007)

0.02456 +0.00012
(0.02450 +0.00022)

0.02477 +0.00014
(0.02437 +0.00006)

8 mean ¢ one standard deviation.
Dimensions in parentheses were previously reported by Kusy and Stush?.
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- Table v 59
K SHEAR MODULUS (G) VALUES AND CLAMPING CORRECTIONS

o

i{-: Wire Alloy Inverted® Hanging® Mean Length Length Corrected
a0 and 6 6 6 Correction® Correction 6
L) Size (in.) M Msi Msi al AL/L+100 Msi
= (GPa) (GPa) (Gpa) (in.) (%) (GPa)
N Stainless Steel

K>

R M

.018 10.58+0.10 d 10.7140.08 10.65 0.07 3.5 11.02

- (72.95+0.69)  (73.8540.55) (73.43) (75.98)
25 017,025 9.8140.15  9.89+0.05 9.85 0.30 15.0 11.33
(67.64+1.03)  (68.1940.34) (67.82) . (18.12)
® .018x.025 9.82+0.08  9.87+0.03 9.85 0.29 1.5 11.28
"ot (67.7130.62)  (68.0540.21) (67.92) (17.78)
-l

’ Beta Titanium

e .018 4.2450.04 4.2640.05 0“2 0.05 2.5 4.3
( (29.23+0.28)  (29.37+0.34) (29.30) (30.05)
i .017x.025 $.4260.02 4415001 “Q -0.06 -3.0 .2
_-::_, (30.48+0. 14 (30.4140.07) (30.48) (29.58)
K i

A

o .019x.025 4.2240.03 4.18+0.05 4.20 0.10 5.0 .40
O (29.1040.21)  (28.8240.3¢) (28.86) (30.41)
W Nickel-Titanium

oy

j"f .018 2.8640 03 3.00+0.03 2.98 0.07 3.5 3.08
w (20.41+0.21)  (20.69+0.21)  (20.58) (21.20)
= 017x.025 2.13:0.03  2.2040.04 2.11 0.19 9.5 2.38
oy (14.6930.21)  (15.1740.28) (14.96) (16.41)
o 019x.025 2.1140.03  2.1640.02 2.14 0.14 1.0 2.29
e (14.55$0.21)  (14.89+0.14) (14.76) (15.19)
5

s

">

o

Tt

ol 8 cf. Figure 4.

- b cf. Figure 6.
o € cf. Figure 19.
K- 9 mean + one standard deviation.

A



Table VI 60

TORSIONAL YIELD STRENGTH (Tyg) VALUES

Tys by Energy Loss? Literature Theoretica) Johnson
values valyes Elastic
Wire :’Hoy 5% 108 208 Tys Tys0.570gps  Linit
an
Size (in.) ksi ks ksi ksi ksi ks
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
Stainless Steel
018 36 51 13 1854 107 115
- (248) (352) (503) (1276) (138) (193)
L .017x.025 il 98 132 240-280° 138-162 210
o (510) (676) (910) (1655-1930)  (952-1117) (1448)
il .019x.025 67 90 18 216
A (462) (621) (821) (1489)
Beta Titanium
.018 85 95 105 769-1705 4-98 110
(585) (655) (128) (524-1172) (303-676) (158)
.017x.025 83 100 120 999-1405 57-81 138
(512) (60) (827) (683-965) (393-558) (952)
.019x.025 93 106 11 98%-190% §7-110 137
(641) (131) (834) (676-1310) (383-158) (945)
Nickel-Titanium
018 9 1 135 949-100% 54-58 e
(662) (786) (931) (648-690) (312-400) (1020)
.017x.025 7 1 3 428185 2-45 216
(48) (17 (269) (290-538) (165-310) (1489)
.018x.025 ‘ 13 3 575-68° 33-39 223
(28) (90) (248) (393-469) (228-269) (1538)

8 cf. Figure 9.
b cf. Figure 20.
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Table VI] 61
SHEAR MODULUS (G) VALUES
Current Study Literature Values Theoretical
Wire Alloy Exp.2  Corrected® 6=
and 6 6 6 £ v E/(2014v)]
Size (in.) Msi Msi Msi Msi Msi
(GPa) (GPa) (6Pa) (6Pa) (GPa)
Stainless Steel
018 10.65 11.02 19.228.30 28.44 0.2930-0.302% 10.9-11.0
(13.43)  (75.98) (11.2) (195.8) (75.2-15.8)
017x.025 9.85 11.33 27.9-28.15 10.7-10.9
(61.92)  (78.12) (182.4-193.7) (13.8-15.2)
.019x. 025 9.85 11.28
(61.82)  (17.18) v
Beta Titanijum
.018 6.2 6.3 3.031-4.532 12.0%-12.3%  0.2032.0.363  g4-4.8
(29.30)  (30.06) (26.8-31.0)  (82.7-84.8) (30.3-33.1)
.017x.025 2 029 9.59-11.8% 3.5-4.5
(30.48)  (29.58) (65.5-19.3) (24.1-31.0)
.018x.025 4.20 .0 10.6%-13.85 3.9-5.3
(28.96) (30.41) (73.1-95.2) Vv (26.8-36.5)
Nickel-Titanium
.018 2.98 3.08 2.933.3.63  q.659.99 0.333 2.9
(20.58)  (21.20) (20.0-24.8)  (52.4-53.1) (20.0)
.017x.025 2.1 2.8 6.09-7.45 2.3-2.8
(14.96)  (16.41) (41.4-51.0) (15.9-18.3)
.019x. 025 2.1 2.29 5.49-5.55 2.0-2.1
(14.76)  (15.78) v (31.2-31.9) \F (13.8-14.5)

8 ¢f. Table Vv, column 4,
cf. Table Vv, column 7.
€ = Modulus of Elasticity = Young's Modulus.
v = Poisson's Ratio.

a0 o
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Table VIII 62

TORSIONAL ELASTIC PROPERTY RATIOS
Reference wire: .017" x .025" Stainless Steel

Wire Alloy
and Stiffness Strength Range
Size (in.)

Stainless Steel

.017x.025 1.002 1.00 1.00 ‘
(1.00)b (1.00) (1.00) i

,019x%.025 1.33 1.17 0.88 ‘
(1.32) (1.31) (0.99)

Beta Titanium

.017x.025 0.43 1.00 2.31
(0.37) (0.64) (1.76)
.019%x.025 0.56 ' 1.37 2.46
(0.51) (0.83) (1.63)

Nickel-Titanium

.017x.025 0.22 1.15 5.33
(0.21) (1.02) (4.94)
[0.27]€ [1.02)] [3.82)
.
" .019x.025 0.28 1.45 5.19
w7 (0.26) (1.33) (5.09)
" [0.35) [1.33] {3.78)
el
5

8 standard ratios calculated using experi-
mental shear modulus (G) values (cf. Table
VII, column 2) and 10% energy loss T.
values (cf. Table VI, column 3). .OYS"

b Ni-Ti Ty g values used for all Ni-Ti.

Ratios ih parenthesis use corrected G values

(cf. Table VII, column 3) and Johnson elastic
limit 'rys determinations (cf. Table VI,
column 7).

€ values of G from .018" preformed arches

used in calculating EPR's, otherwise the

same as b.
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Figure 12 -~ Example of log-log plot for elast.c and non-
elastic energy data from a sample of .019x.025" B-Ti. The

i straight-line plots led to the use of geometric regressions
' to describe the data.
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Figure 13 -- Stainless steel elastic and energy loss data
with geometric regression curves. From top to bottom:
.018", .017x.025", and .019x.025".
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Figure 14 -- Beta titanium elastic and energy loss data
with geometric regression curves. Prom top to bottom:
.018", .017x.025", and .019x.025".
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with geometric regression curves. From top to bottom:
.018", .017x.,025", .019x%.025",




;n:‘h: 7 9

-

s

o a s
AL

Energy Loss (%)

100

X,
g

e

80

AL SN

X

.019 x .026

|

$

-
’
-
PR SN W

w e

( 40t

017 x .026

1

AW

G5
o

L]
T

20
10

L 1

60 100 160 200
Max. Shear Stress (ksi)

h 4
1

. "‘:‘\"\
o

n‘n"‘-" y
Sanass)

[‘.’

AR |

| o
i v

Figure 16 -- Stainless steel energy loss functions for
.018", .017x.025", and .019x.025". Horizontal line drawn
at the 10X level that was selected for describing Tys

" -
]
&

‘o
[l o &

; YAy N € N

O L ANA T X AN a4 ; R R o G e T SR N R T .
‘:7”5‘: . n"_:‘!".“,o ,,»g ¥ ,. ¢ ).o.* ‘.--l'u It IR AW | ok.'l Al W -'Q!'O!'l ,'lc-‘ ’\‘ 1‘ ‘”’ I.l,' .



WX

#Fﬁ;

VA

l-

&AL

X a¥at
I

-~
-
-

HAK L,

| oy

80

-
P .

«

*
g
LR S
t 4 . M Y
L e e

60

. -

v o]

Sl
'-‘v'-:.l‘

40

Pl

20
10

AN

80

OEnergy Loss (%)

T

T

.019 x .026

018
Q017 x ,025

U8

BN e A
P, t*‘ i
;‘ri{ﬂ ‘5 AN

e
e
Y,

G
‘l

-
L]
L 4

L3
»

St .
a2 _9 ',""i

"
N 'y
«

A

-

P B -
TR AT R by Y ()
’4""""5""5'-' ?"'*,}";'. WA

— ,

o

60 100 160 200
Max. Shear Stress (ksi)

Figure 17 -- Beta titanium energy loss functions for .018"%,
.017x.025", and .019x.025", Horizontal line drawn at the
10X level that was selected for describing Tys-

=

R4 0L S AT AR ot AU A Gl A0 P Pt e D {0 OGN L S .
RGO AR SO [k DA Ll “" 1> RS ;‘5 EPRARRy,




- - -~
s o
™) LGN,

A-v' ‘g-‘ ;:

& g o

y [ S l.,.
"""'}'f'}"_

- oo 2 §
. ‘ LEG 85N
S .’.v"'-:' . ’f:’-’_‘";".)("nf.

: .
(RSN

~

hy

-
-
(2

. ,.,
)
_\.J'
*"
-
“~
~
.

-"I‘l‘a‘n‘ll

B e T Y e e L L R A T e S B e A oy

'G5,

81

Energy Loss (%)

100

1

80
017 x .026

|

60

.019 x .026
.018

201

10 / /

0 60 100 160 200
Max. Shear Stress (ksi)

Figure 18 -- Nickel-titanium energy loss functions for
.018", .017x.025", and .019x.025". Horizontal line drawn
at the 10% level that was selected for describing Tys-

- LS

O\




Ky 82

N 1.0

,
Period?, P? (sec?)
o
(8]
]

o
N
H
(o))

Length, L (in)

-

Figure 19 -- Length correction regression example for
.017%.025" 8.S. The regression line intercepts the
abscissa at a point with the coordinates (- AL, 0), which
in this case gives a AL = 0.30" (cf. Table V, column 5).
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Figure 20 -- Torsional loading curves which were obtained
for Ni-Ti in straight lengths (.017x.025", top) and in
preformed arches (.018", bottom). The straight lengths
demonstrated a degree of non-linear elasticity which made
the 10% loss criteria inappropriate. As an alternative,
the Johnson Elastic Limit (JEL) was determined as the point
beyond the pseudoelastic region where the slope, B, was 50%
of the initial slope, A.
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